evolution of the Earth's mantle. It is widely accepted that the seismic discontinuities at 410 and 660 km depth (Dziewonski and Anderson 1981) are due to the phase transition from olivine to wadsleyite and from ringwoodite to bridgmanite + ferro-periclase in (Mg, Fe) 2 SiO 4 (e.g., Katsura and Ito 1989; Ito and Takahashi 1989) . For the natural mantle composition, such as peridotite, the primary minerals are (Mg, Fe) 2 SiO 4 -related phases, and the secondary minerals are pyroxene and garnet in the system (Mg, Fe)SiO 3 -(Mg, Fe) 3 Al 2 Si 3 O 12· MgSiO 3 is the end component in a complicated composition of pyroxene. According to a previous study (Gasparik 1990) , wadsleyite and stishovite change to akimotoite (MgSiO 3 ) with increasing pressure along the geotherm. In contrast, Sawamoto (1987) showed that wadsleyite and stishovite change into ringwoodite (Mg 2 SiO 4 ) and stishovite before the formation of akimotoite. This discrepancy is attributed to the estimation of the phase boundary between ringwoodite + stishovite and akimotoite. As this reaction can be observed in the relatively low-temperature region, the previous experiments (Sawamoto 1987; Gasparik 1990 ) might have involved a significant uncertainty related to the effects of the reaction kinetics.
Introduction
Knowledge of the phase relations in MgSiO 3 is critical for understanding the layered structure, dynamics, and
Methods
A synthetic gel was used to produce a reactive and homogeneous starting material (Ono and Yasuda 1996) . The chemical composition of the synthesized gel was MgSiO 3 . High-pressure XRD experiments were performed using a multi-anvil high-pressure apparatus comprised of eight cubic anvils made of tungsten carbide (WC) with truncations of 1.5 or 2.0 mm. The cubic anvil assembly was compressed using "Max III" and "SPEED 1500" high-pressure apparatus, and was installed at the synchrotron facilities of KEK and SPring-8 in Japan. The system was comprised of a 700-ton (at KEK) or 1500-ton (at SPring-8) multi-anvil press equipped with an energy-dispersive X-ray diffractometer system with a germanium solid-state detector. The incident beam was white X-rays. The width of both the incident and diffracted X-ray beams was 50 µm, and the diffracted angle was 2θ = 6.0°. A Cr-doped MgO pressure medium was placed at the center of the WC cubic anvil assembly and enclosed in pyrophyllite gaskets. A cylindrical heater made of TiB 2 (Ono 2016 ) was inserted into the octahedral pressure medium and enclosed in the ZrO 2 sleeve for thermal insulation. Two MgO rods of 1.0 mm diameter extended from both edges of the octahedron to the heater through the pressure medium and the ZrO 2 sleeve, and provided a path for the incident and diffracted X-ray beams. Details of the cell assembly are elsewhere (Ono et al. 2011 (Ono et al. , 2013 . The powdered sample and gold, which was used as a pressure standard, were loaded directly into the heater, which also served as the sample capsule. The sample temperature was monitored using a W 97 Re 3 -W 75 Re 25 thermocouple inserted at the center of the sample chamber. No correction was made to counter the effect of pressure on the thermocouple EMF. The typical temperature fluctuation during heating was around ±5 °C. The X-ray measurements of the sample were taken close to the thermocouple junction (<100 microns); therefore, the temperature gradient between the X-ray position and the thermocouple junction was kept within 50 °C. The pressure was determined from the unit cell volume of gold using the gold equation of state (EOS) (Dorogokupets and Dewaele 2007) . The typical uncertainty in pressure was within 0.2 GPa. Dorogokupets and Dewaele (2007) established internally consistent EOSs of Au, MgO, Pt, B1-NaCl, and B2-NaCl. Therefore, their pressure scale has an advantage to compare experimental results using different materials for the pressure scale.
Pressure was applied to the sample by generating an anvil load from the desired oil pressure in the press. Before heating, the peaks of gold were broad which was induced by the effect of the accumulated differential stress during compression. The sample was then quickly heated until it reached the desired temperature for a given oil pressure. The typical rate of temperature increase was ~200 K/min.
As the temperature increased, the peaks of gold became intense around 1000 K. This indicated that the recrystallization of gold had started and that the accumulated stress was gradually released. After the desired temperature was reached, the measurement of pressure started and continued until the temperature quenching. The temperature was maintained for 1.7-4.0 h. A significant deviation in the intensity ratio of the diffraction peaks of gold from the ideal data in the reference database was observed at higher temperatures because of grain growth of gold crystals. However, pressure could also be monitored during heating. A significant change in the experimental pressure, which was induced by the deformation of the pressure medium after reaching the desired temperature, was not confirmed. The typical pressure fluctuation was ~0.3 GPa, which was similar to that found in our previous studies (Ono et al. 2011 (Ono et al. , 2013 . At the end of the experimental runs, the sample was quenched by turning off the electrical power, which resulted in the temperature dropping to below 400 K within a period of 3 s, after which the pressure decreased slowly and the sample could be removed. After quenching, the samples were polished for investigation with an electron microprobe analyzer (JXA-8500F, JEOL). The stable phase in each experimental run was determined by the chemical composition of phases from this analysis.
Results
The experimental runs were performed at pressures between 19 and 21 GPa (Table 1 ). Figure 1 shows the Table 1 Experimental conditions and results T, P, and a are the temperature, pressure, and lattice parameter of gold, respectively
Time ( In addition to the peaks from gold, some peaks from TiB 2 and MgO were observed. TiB 2 and MgO were used as the heater and the rods for the path for the X-ray beam, respectively. Although accurate experimental pressures were calculated, the peaks from the sample could not be identified, because the intense peaks from gold, TiB 2 and MgO obscured the weak peaks from the sample. Figure 2 shows typical images of the quenched sample obtained using the electron microprobe analyzer. At pressures below the reaction boundary, the MgSiO 3 starting material changed to the Mg-rich and silica phases (Fig. 2a) . The chemical compositions of the light-and dark-gray phases were pure SiO 2 and Mg 2 SiO 4 , respectively. As the experimental pressure in each case was higher than for the boundaries of the wadsleyite-ringwoodite and coesite-stishovite, the Mg 2 SiO 4 and SiO 2 phases were judged as ringwoodite and stishovite. In contrast, the starting material changed to a single phase of akimotoite, which was the dark-gray phase (MgSiO 3 ), under pressures higher than the reaction boundary (Fig. 2b) . In this study, it was easy to identify the phase relation by chemical analysis of the quenched sample containing the gold powder used for pressure monitoring. We performed 15 experimental runs to investigate the reaction boundary between ringwoodite + stishovite and akimotoite (Table 1 ). The pressure-temperature (P-T) conditions of the acquired XRD patterns of gold and the stable phases identified from the quenched samples are shown in Fig. 3 . The experimental pressures were lower and higher than those corresponding to the stability fields of bridgmanite and wadsleyite, respectively. The gradient of dP/dT of the reaction boundary determined in our study was negative. The transition boundary shown in Fig. 3 is represented by the following linear equation:
The boundary determined in this study was in good agreement with that reported by Sawamoto (1987) . In P (GPa) = 22.0(4) − 0.0012(6)T (K). contrast, the dP/dT slope reported by Gasparik (1990) was inconsistent with the slopes determined in this study and by Sawamoto (1987) . We used the EOS of gold by Dorogokupet and Dewaele (2007) . This EOS has been repeatedly investigated in the previous experimental and theoretical studies (e.g., Jamieson et al. 1982; Anderson et al. 1989; Holzapfel et al. 2001; Takemura 2001 Takemura , 2007 Okube et al. 2002; Shim et al. 2002; Boettger 2003; Dewaele et al. 2004; Greeff et al. 2004; Souvatzis et al. 2006; Dorogokupet and; Dewaele 2007; Fei et al. 2007; Holzapfel and Nicol 2007) . However, the validity of the EOS of gold is still questionable. Therefore, it is accepted that the uncertainty of experimental pressure might be <10%.
Discussion
A comparison between our study and previous determinations of the dP/dT slope is shown in Fig. 4 . The pressure of the reaction boundary around 1200 K that was determined in our study was in general agreement with values reported in the previous studies (Ito and Navrotsky 1985; Kanzaki 1987; Sawamoto 1987; Gasparik 1990; Stixrude and Lithgow-Bertelloni 2011) . However, as indicated earlier, the dP/dT slope reported by Gasparik (1990) was inconsistent with the slopes reported by Sawamoto (1987) and our study. Several possible explanations for this discrepancy can be proposed. First, it is known that the pressure calibration used in Gasparik's study might involve uncertainty. Gasparik (1990) used the conventional method for pressure calibration in the quench experiment. The efficiency of the pressure generation of the high-pressure apparatus was calibrated using several fixed pressure points before the experiments. It is accepted that this method can lead to a significant error in the pressure determination. In contrast, we used in situ monitoring of the experimental pressure using the synchrotron XRD method.
Second, the chemical reaction kinetics often affect the determination of the reaction boundary. It is known that the effect of the reaction kinetics is significant at low temperatures. In general, it is difficult to identify stable phases at low-temperature conditions, and errors in such identification might lead to the discrepancies between the different dP/dT slopes. To enhance the chemical reaction, our staring material was the gel, which was a reactive material compared with the oxide mixtures.
Third, a difference in the chemical composition of the starting materials might induce the discrepancy. The oxide mixtures, including a flux that was expected to enhance the chemical reaction, were used as the starting material by and previous studies at 12-25 GPa and 600-2200 K. The thick lines are estimates in our study. The boundaries between wadsleyite and ringwoodite and between akimotoite and bridgmanite are based on the works of Suzuki et al. (2000) and Ono et al. (2001) , respectively, revised using the EOS of gold (Dorogokupets and Dewaele 2007) . The boundary between wadsleyite + stishovite and akimotoite was not constrained based solely on our data. The thin dashed and solid lines are phase boundaries determined by Sawamoto (1987) and Gasparik (1990) Gasparik (1990) . In contrast, pure MgSiO 3 was used as the starting material by Sawamoto (1987) and in the present study. The fluxes, which were lead oxide or lead fluoride (Gasparik 1990) , might affect the stability of each phase.
According to the phase diagram of MgSiO 3 , the location of the triple point of wadsleyite + stishovite-ringwoodite + stishovite-akimotoite is important for predicting the reaction sequence along the geotherm in the Earth's mantle. If the temperature of the triple point is lower than the geotherm (i.e., Gasparik 1990), the wadsleyite + shishovite mixture changes directly into akimotoite as the pressure increases. When the reaction boundary determined in our study is combined with the phase boundary between wadsleyite and ringwoodite determined by Suzuki et al. (2000) using the in situ XRD method, the estimated triple point locates at 1700 ± 100 K and 20 ± 1 GPa, which is 2 GPa and 300 K higher than that reported by Gasparik (1990) . The phase boundary estimated in our study is in agreement with that reported by Sawamoto (1987) ; however, the temperature of the triple point of our study is 200 K lower than that determined by Sawamoto (1987) . A probable explanation for this discrepancy is that the experimental conditions of Sawamoto (1987) were an overestimate for temperature and an underestimate for pressure. In the work by Sawamoto (1987) , the experimental pressure was calibrated at room temperature using the pressure fixed points of several phase transitions, and no temperature correction was made for the effect of the anvil surface temperature. The triple point estimated by our study was located at a temperature slightly lower than the geotherm (Brown and Shankland 1981; Ono 2008) . The phase boundary between wadsleyite and ringwoodite has been investigated repeatedly in the previous studies (e.g., Katsura and Ito, 1898; Akaogi et al. 1989; Inoue et al. 2006) . If these steeper Clapeyron slopes, which might be less accurate than that of Suzuki et al. (2000) , are used to estimate the triple point, this triple point would move to a higher temperature region.
